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ABSTRACT
Recently, the application of phase change material (PCM) for thermal energy storage shows great potential because
of PCM’s capability to absorb heat within a narrow range of temperatures. However, most previous studies used single
phase liquid as the heat transfer fluid. The use of two-phase fluid is very limited, which can be applied in many fields,
such as waste heat recovery and personal cooling systems. To fill this research gap, a shell-and-tube configured PCM
to-refrigerant heat exchanger (PCMRHX) coupled in a refrigeration system was investigated experimentally and
numerically in this study. The enthalpy method was applied to the phase change process analysis, and the finitevolume method was employed to address the two-dimensional PCMRHX numerical solution. Simulation results were
validated against the experiment data, including refrigerant and PCM temperature profiles, PCMRHX capacity, mass
flow rate, COP, and other system-level performance. This study also analyzed the evolutions of the uneven PCM
melting in the refrigerant flow direction and its effects on the condensing temperature. Moreover, the parametric study
was conducted for the compressor speed. Results show that the transient PCMRHX and system model can predict the
experimental data within a deviation of 7%. The PCM near the condenser outlet melts slower than other sections
because of the low refrigerant heat transfer coefficient in the subcooled liquid region. This paper introduces a validated
model for PCMRHX. The model and observations could be valuable for related PCM heat exchanger design.
Keywords: phase change material, PCM-to-refrigerant heat exchanger, air-conditioning system, PCM melting, heat
transfer coefficient.

1. INTRODUCTION
Since phase change materials (PCM) can release or absorb a large amount of thermal energy in the narrow range of
temperature, the application of PCM for thermal energy storage plays an important role in various fields, such as solar
energy storage (Elbahjaoui and El Qarnia, 2019), waste heat storage (Gu, Liu, and Li, 2004), building energy saving
(Stritih et al., 2018), refrigerator temperature control (Maiorino, Del Duca, Mota-Babiloni, Greco, and Aprea, 2019)
and personal cooling system (Dhumane et al., 2019; Qiao et al., 2020). Here we are defining the PCM-to-refrigerant
heat exchanger (PCMRHX) in which the refrigerant works as a heat transfer fluid being vaporized or condensed as it
flows through the PCM, and therefore, this type of PCM storage devices can work as an evaporator or a condenser in
the thermal storage system. The phase change process of both PCM- and refrigerant-side makes the heat transfer
analysis more complicated. There are only a few literature study conducted on the PCMRHX. Gu et al. (2004) modeled
an air-conditioning system with PCM condensers for waste heat storage installed in series with a cooling tower.
However, the subcooling at the cooling tower outlet was set to be zero and the condensing temperature was set to be
constant, leading PCM heat exchanger isolated from the rest of the refrigeration system. Bakhshipour et al. (2017)
developed a refrigeration system model with a PCMRHX located after the main condenser before the expansion valve.
The whole system and two-dimensional PCM exchanger were simulated associatively using MATLAB software. The
parametric study concerning PCM geometry and the refrigerant property was also studied. Results show that the
utilization of PCM could increase the performance of the coefficient by 9.6%. Nevertheless, refrigerant was already
single-phase liquid in their PCM heat exchanger model, since the subcooled liquid came from the main air-to
refrigerant condenser. Essentially, their PCMRHX should be categorized as the PCM-to-liquid heat
exchanger.
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Similarly, Wang et al. (2007a, 2007b) integrated the PCM as the supplementary before or after the conventional
condensers and evaporators, and demonstrated that the system COP can increase up to 8% based on the experiment
and simulation. Qiao et al. (2019) experimentally investigated different PCM heat exchangers, and showed that the
graphite-foam based PCMRHX had the highest overall heat transfer coefficient more than 1,300 W·m-2·K-1. They also
found and discussed the uneven PCM melting along the refrigerant flow direction due to the refrigerant side uneven
heat transfer rate. However, a more detailed analysis should be done to quantify this effect. Based on previous literature
review, there are only a few investigations conducted for the PCMRHXs, and there is a research gap on detailed
analysis of PCMRHX heat transfer performance. Therefore, in this study, a shell-and-tube configured PCMRHX was
incorporated in a refrigeration system by experiment and simulation. The enthalpy method and the finite-volume
method were employed to develop the two dimensional (2D) PCMRHX model. Simulation results were validated
against the experiment data, including refrigerant and PCM temperature profiles, capacity, and system-level
performance. This study also analyzed the evolutions of the compressor speed effects on the PCM melting
performance and condensing temperature. This paper provides a validated model for PCMRHX and the detailed heat
transfer analysis for PCM-to-refrigerant application.

2. SYSTEM DESCRIPTION
The PCMRHX coupledwith the vapor compression cycle (VCC) can be used in air-conditioning systems for personal
cooling. Using the personal cooling system, the thermostate setting of the building can be higher to reduce the building
energy consumption, and meanwhile, occupants can still feel comfortable with the localized cooling. The system
schematic diagram is illustrated in Figure 1, in which the PCMRHX works as a condenser in the VCC system to store
the waste heat from refrigerant condensation. In this way, the heat is not dumped to the ambient to maintain the human
comfort. The air-to-refrigerant evaporator is used for providing personal cooling at the top. The PCMRHX was
designed with a multi-tube configuration with the refrigerant flowing inside tubes, in which PCM was filled in the
annular space between the PCM container and tubes as shown in Figure 2 (a). R134a worked as a refrigerant flowing
vertically downward. Organic paraffin called PureTemp 37 was selected as the PCM with a peak melting temperature
of 37 °C as illustrated in Table 1. Graphite matrix was used to enhance heat transfer as the paraffin/graphite composite,
in which paraffin was immersed inside the compressed expanded natural graphite (CENG) matrix. Two headers were
installed at the top and bottom for PCMRHX, respectively. PCMRHX specifications are listed in Table 2. A more
comprehensive system experimental investigation could be found in Qiao et al. (2019).
Table 1: Properties of PureTemp37
Properties
Melting temperature
Latent heat
Thermal conductivity
Density
Specific heat

Unit
°C
kJ·kg-1
W·m-1·K-1
kg·m-3
kJ·kg-1·K-1

Value
36.5~37.5
210
0.15 (liquid), 0.25 (solid)
840 (liquid), 920 (solid)
2.63 (liquid), 2.21 (solid)

Table 2: PCMRHX design properties
Parameters
PCM container diameter
PCM composite height
Numbers of tubes
Tube inside diameter
Tube outside diameter
Header length
Header inside diameter
Header outside diameter

Unit
mm
mm
-
mm
mm
mm
mm
mm

Value
265
280
8
4.8
6.4
51.8
7.9
9.5
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Figure 1: PCM coupled system schematic diagram (TXV: thermostatic expansion valve. MFM: mass flow meter)

3. MODEL DEVELOPMENT
Assumptions of the PCMRHX model used in this paper are: (1) radiation heat to the surrounding was neglected, (2)
refrigerant conduction, viscous dissipation, kinetic energy, and potential energy were neglected, (3) the refrigerant
flow was one-dimensional. (4) the specific heat of PCM was different for the solid and liquid phases, (5) a unit of a
single tube and PCM cylinder could represent the heat transfer performance of original eight-tube PCMRHX design
as illustrated in Figure 2 (b), and (6) tube wall vertical conduction was neglected.

Figure 2: Discretization of the PCMRHX
To keep the same mass of PCM per unit, the cross-section of the single-tube unit was 1/8 of the original cross-section.
To maintain the same heat transfer area per unit, the tube length of the single unit (L) was the same as the eight-tube
design. A transient 2D numerical model was used to simulate the heat transfer and PCM melting process in the
PCMMRHX. The enthalpy method was adopted for the 2D PCM modeling. The energy equation is given by Equation
(1). Tp and hp are PCM temperature and enthalpy, respectively. hp is a function of PCM temperature. kp,r and kp,z are
PCM effective thermal conductivity in the radial and axial direction, respectively. The correlations used for effective
conductivities kp,r and kp,z were proposed by Py et al. (2001).
𝜌𝜌𝑝𝑝

𝜕𝜕ℎ𝑝𝑝
𝜕𝜕𝑇𝑇𝑝𝑝
𝜕𝜕 2 𝑇𝑇𝑝𝑝
1 𝜕𝜕
= 𝑘𝑘𝑝𝑝,𝑟𝑟
𝑟𝑟
+ 𝑘𝑘𝑝𝑝,𝑧𝑧
𝜕𝜕𝜕𝜕
𝑟𝑟 𝜕𝜕𝑟𝑟
𝜕𝜕𝑟𝑟
𝜕𝜕𝑧𝑧 2

(1)

PCM liquid fraction is given by Equation (2) to evaluate the PCM melting process. Ts and Tl are PCM temperatures
at the beginning and end of the phase change process, respectively.
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𝜆𝜆 𝑇𝑇𝑝𝑝
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(2)

ℎ ≥ ℎ𝑙𝑙

Boundary conditions for PCM temperature are given in Equations (3) through (6). Ri is the inner radius of the PCM
cylinder, which is the same as the tube outer radius. Ro and L are the outer radius of the single-tube unit and the
cylinder length, respectively. Ai and Atop are the heat transfer area contacted tube walls and the top area of the PCM
cylinder, respectively. Ao is the equivalent outer heat transfer area for the single-tube unit to the surrounding. Ao=
Ao’/8, in which Ao’ is the outer surface area of the original multi-tube design. α is the natural convection heat transfer
coefficient at the outer, top and bottom boundary, which are calculated by the correlation proposed in (Churchill and
Chu, 1975). Ta and Tw are the surrounding and wall temperatures, respectively. The initial temperature was set to be
26°C.
𝑘𝑘𝑝𝑝,𝑟𝑟

𝜕𝜕𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕)
2𝑘𝑘𝑤𝑤
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𝑇𝑇𝑤𝑤 (𝑧𝑧, 𝜕𝜕) − 𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕) 𝑟𝑟 = 𝑅𝑅𝑖𝑖
𝜕𝜕𝑟𝑟
𝛿𝛿
𝜕𝜕𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕)
𝑘𝑘𝑝𝑝,𝑟𝑟
= 𝛼𝛼𝐴𝐴𝑜𝑜 𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕) − 𝑇𝑇𝑎𝑎 𝑟𝑟 = 𝑅𝑅𝑜𝑜
𝜕𝜕𝑟𝑟
𝜕𝜕𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕)
𝑘𝑘𝑝𝑝,𝑧𝑧
= 𝛼𝛼𝐴𝐴𝑡𝑡𝑜𝑜𝑝𝑝 𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕) − 𝑇𝑇𝑎𝑎 𝑧𝑧 = 0
𝜕𝜕𝑟𝑟
𝜕𝜕𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕)
𝑘𝑘𝑝𝑝,𝑧𝑧
= 𝛼𝛼𝐴𝐴𝑡𝑡𝑜𝑜𝑝𝑝 𝑇𝑇𝑝𝑝 (𝑟𝑟, 𝑧𝑧, 𝜕𝜕) − 𝑇𝑇𝑎𝑎 𝑧𝑧 = 𝐿𝐿
𝜕𝜕𝑟𝑟

(3)
(4)
(5)
(6)

Refrigerant-side energy equation and continuity equations are given in Equations (9) and (10), respectively. Pressure
(P) and specific enthalpy (h) were selected as state variables (Laughman and Qiao, 2017). The partial derivative of
density with respect to enthalpy, (dρ/dh)|p, and that with respect to pressure, (dρ/dP)|h, were obtained by refrigerant
property functions proposed in (Aute and Radermacher, 2014).
𝑑𝑑𝑑𝑑
=V
𝑑𝑑𝜕𝜕

ℎ

𝑑𝑑𝜌𝜌
𝑑𝑑𝑑𝑑

ℎ

−1

𝑑𝑑𝑑𝑑
𝑑𝑑𝜌𝜌
=V
𝑑𝑑𝜕𝜕
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝑑𝑑𝜌𝜌
+ ℎ
𝑑𝑑𝜕𝜕
𝑑𝑑ℎ

𝑑𝑑𝑑𝑑 𝑑𝑑𝜌𝜌
+
𝑑𝑑ℎ
ℎ 𝑑𝑑𝜕𝜕

𝑝𝑝

𝑑𝑑ℎ
𝑝𝑝 𝑑𝑑𝜕𝜕

+ 𝜌𝜌

𝑑𝑑ℎ
𝑑𝑑𝜕𝜕

(7)
(8)

The finite-volume method and enthalpy method were adopted to solve the PCM governing equations as given in
Equation (8). Each PCM control volume was an annular space (see Figure 2(c)). The uniform segments were applied
for the discretization along with axial and radial directions, designated by i and j (see Figure 2(d)). Ap,r and Ap,z are the
heat transfer areas of each control volume in the radial and axial direction, respectively.
ℎ𝑝𝑝 (𝑖𝑖,𝑗𝑗) 𝑘𝑘𝑝𝑝,𝑟𝑟
𝑘𝑘𝑝𝑝,𝑟𝑟
𝐴𝐴
𝑑𝑑𝑝𝑝 (𝑖𝑖,𝑗𝑗)
=
𝑇𝑇
− 𝑇𝑇𝑝𝑝 (𝑖𝑖,𝑗𝑗) −
𝐴𝐴
𝑇𝑇
− 𝑇𝑇𝑝𝑝 (𝑖𝑖,𝑗𝑗+1)
𝜕𝜕𝜕𝜕
𝑑𝑑𝑟𝑟 𝑝𝑝,𝑟𝑟 (𝑗𝑗) 𝑝𝑝 (𝑖𝑖,𝑗𝑗−1)
𝑑𝑑𝑟𝑟 𝑝𝑝,𝑟𝑟 (𝑗𝑗+1) 𝑝𝑝 (𝑖𝑖,𝑗𝑗)
(9)
𝑘𝑘𝑝𝑝,𝑧𝑧
𝑘𝑘𝑝𝑝,𝑧𝑧
+
𝐴𝐴𝑝𝑝,𝑧𝑧 (𝑗𝑗) 𝑇𝑇𝑝𝑝 (𝑖𝑖−1,𝑗𝑗) − 𝑇𝑇𝑝𝑝 (𝑖𝑖,𝑗𝑗) −
𝐴𝐴𝑝𝑝,𝑧𝑧 (𝑗𝑗) 𝑇𝑇𝑝𝑝 (𝑖𝑖,𝑗𝑗) − 𝑇𝑇𝑝𝑝 (𝑖𝑖+1,𝑗𝑗)
𝑑𝑑𝑧𝑧
𝑑𝑑𝑧𝑧
Discretized energy and continuity equations for the refrigerant-side are given in Equations (11) and (12), respectively.
αref is the convective heat transfer coefficient. For single phase and two-phase refrigerant flow, αref was calculated
from correlations proposed by Gnielinski (2013) and Shah (2009), respectively.

𝑉𝑉(𝑖𝑖)

ℎ(𝑖𝑖)

𝑉𝑉(𝑖𝑖)

𝑑𝑑𝜌𝜌
𝑑𝑑𝑑𝑑

𝑑𝑑𝜌𝜌
𝑑𝑑𝑑𝑑

ℎ (𝑖𝑖)

𝑑𝑑𝑑𝑑
𝑑𝑑𝜌𝜌
+
𝑑𝑑ℎ
ℎ (𝑖𝑖) 𝑑𝑑𝜕𝜕 (𝑖𝑖)

−1

𝑑𝑑ℎ
= 𝑑𝑑̇(𝑖𝑖) − 𝑑𝑑̇(𝑖𝑖+1)
𝑝𝑝 (𝑖𝑖) 𝑑𝑑𝜕𝜕 (𝑖𝑖)

𝑑𝑑𝑑𝑑
𝑑𝑑𝜌𝜌
+ ℎ(𝑖𝑖)
𝑑𝑑𝜕𝜕 (𝑖𝑖)
𝑑𝑑ℎ

𝑝𝑝 (𝑖𝑖)

+ 𝜌𝜌(𝑖𝑖)

𝑑𝑑ℎ
𝑑𝑑𝜕𝜕 (𝑖𝑖)

= 𝑑𝑑̇(𝑖𝑖) ℎ(𝑖𝑖) − 𝑑𝑑̇(𝑖𝑖+1) ℎ(𝑖𝑖+1) + 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟(𝑖𝑖) 𝐴𝐴𝑝𝑝,𝑟𝑟 (1) (𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻 (𝑖𝑖) − 𝑇𝑇𝑤𝑤(𝑖𝑖) )
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Other system components including an evaporator, thermostatic expansion valve (TXV), compressor, receiver, and
pipes were modeled as well. For the evaporator, refrigerant-side governing equations are given in Equations (11) and
(12), while the air-side model can be found in Qiao et al. (2015). The TXV model used in this study is described in
Qiao et al. (2015) and Wang et al. (2007b). As for the compressor, the efficiency-based compressor model was applied,
in which volumetric efficiency varies with discharge pressure and suction pressure with a correlation from
experiments. The compressor speed N was set to be 2,100 rpm and the displacement volume was 1.4 cc. The receiver
model and connecting pipe model were essentially the same as the evaporator model with different air-side heat
transfer coefficient.

4. RESULTS AND DISCUSSION
4.1 Comparison of Experimental and Numerical Results
Figure 3 shows the comparison of the experimental and numerical results, in which the good agreement within the
deviation of 7% illustrates that the numerical model is reliable. Figure 3(a) shows the PCM temperatures at 1/3 from
the top and bottom of the PCMRHX and the condensing temperature. The condensing temperature increased with the
cooling time as the PCM melting progressed. As the PCM absorbed heat from the condenser tube, its average
temperature increased. This leads to the increased condensing temperature and to an increased of subcooling at the
condenser outlet as well, as illustrated in Figure 3(b). Figure 3(c) indicates mass flow rate decreased gradually, which
is because the higher condensing pressure led to lower volumetric efficiency. Figure 3(d) shows a slightly decreased
capacity due to the increase of the condensing pressure.
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Figure 3: Numerical results compared with experimental results
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4.2 PCM Melting Performance Analysis
Figures 4 and 5 show the numerical solution of the PCM temperature and melting fraction of the single-tube unit at
different operating periods. The z-direction means the refrigerant flow direction, and the r direction represents the
radial direction. It can be found that the PCM melting rate decreased along the condenser length direction. From 30
minutes to 210 minutes, PCM side temperature change is less than that after 210 minutes (see Figure 4), since most
PCM absorbed heat in terms of latent heat before 210 minutes. The bottom PCM temperature was lower than the top
and middle sections, which can also be verified in Figure 3(a). Whereas, Figure 5 shows that the fraction increased in
the radial direction with operating time. Besides, the heat transfer area of subcooled-liquid refrigerant increased with
the cooling time. At 270 minutes, the liquid fraction at the top 1/3 was higher than 0.9, while at the bottom 1/3 PCM
liquid fraction was less than 0.4. This uneven PCM melting is due to the uneven refrigerant heat transfer coefficient.
At the top and middle sections, the refrigerant-side heat transfer coefficient is much higher than that at the bottom
because the refrigerant is in two-phase at the top and middle, while it becomes sub-cooled liquid at the bottom. It can
be seen that the utilization ratio of the PCM latent heat needs to be improved.

Figure 4: PCM and refrigerant temperatures

Figure 5: PCM liquid fractions

4.3 Effect of Compressor Speed
System simulation with different refrigerant flow rates was conducted. The compressor speeds, N, of 2,300 rpm, 3,450
rpm, 4,600 rpm and 5,750 rpm were selected to generate different refrigerant mass flow rates, and the system
refrigerant charge was the same for the system simulation. As illustrated in Figure 6 (a), the accumulated heat stored
in the PCM for the four cases increased with the time. The higher mass flow rate can lead to a greater slope ratio due
to the increased PCMRHX capacity. In addition, the condensing temperature rises with compressor speed to maintain
the increase of the approach temperature difference and the increase of the condenser capacity. In order to analyze the
effect of compressor speed on the PCM melting and system performance, the comparison of four cases is based on
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the same heat storage of 0.34 MJ. The terminal time to accumulate this same amount of heat in PCM was 100, 110,
132 and 183 minutes, respectively, as shown by marks of “∆” in Figure 6 (a). The normalized time, Time*, is set to
be the real-time over the terminal time for each case. Therefore, Time* is in a range of 0 to 1 in this comparison. Figure
6 (b) illustrates the melting fraction at 1/3 from the top and bottom locations, showing that the melting fraction
difference at these two locations for Case 1 (N=2300 rpm) was smaller than the other three cases. This means the
compressor speed can not only affect the condenser capacity, but also impact the PCM melting distribution. The slower
compressor speed can lead to small PCMRHX capacity, as well as the small condenser subcooling, leading to more
uniform PCM melting.
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Figure 6: PCM accumulated heat and melting fraction changed with compressor speeds
(Case 1, N= 2,300 rpm; Case 2, N= 3,450 rpm; Case 3, N=4600 rpm; Case 4, N= 5750 rpm)

5. CONCLUSIONS
In this paper, a transient 2D PCMRHX model and the coupled VCC system model were developed. PCMRHX works
as a condenser in the air-conditioning system, while an air-to-refrigerant evaporator is applied for personal cooling.
The numerical models were validated by the experimental results showing that the model could predict the system
experimental performance well within the deviation of 7%. Results show that the system condensing temperature,
subcooling, and mass flow rate changed along the PCM melting process. Uneven PCM melting was also observed
because of the uneven heat transfer coefficient along the refrigerant flow direction. The effect of the compressor speed
analysis shows that the higher mass flow rate can lead to a greater PCMRHX capacity and a more uneven PCM melting
distribution. This PCMRHX needs to be further investigated to obtain a more even PCM melting distribution and
better system performance.

NOMENCLATURE
𝐴𝐴, 𝐴𝐴′
C
𝐶𝐶𝑣𝑣
h
i, j
k
L
m
ṁ
N
P
r,R
t

heat transfer area
specific heat
flow coefficient
enthalpy
segment number
thermal conductivity
length of the PCM cylinder
mass
mass flow rate
Compressor speed
pressure
radius
time

(m2)
(kJ kg-1 K-1)
(–)
(kJ kg-1)
(W m-1 K-1)
(mm)
(kg)
(g s-1)
(rpm)
(kPa)
(mm)
(s)

18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021

2500, Page 8
T
W
z

temperature
power consumption
length in z direction

(°C)
(W)
(mm)

Greek symbols
α
ρ
λ
δ

heat transfer coefficient
density
liquid fraction
thickness of wall

(W m-2 K-1)
(kg m-3)
(--)
(mm)

Subscript
a
fin
i
in
l
m
o
out
p
r
s
top
w
z

ambient
fin
inner
inlet
liquid phase
melting
outer
outlet
PCM
radial direction
solid phase
top
wall
axial direction
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